Terahertz Transition-Edge Sensor with Kinetic-Inductance Amplifier at
  4.2 K by Kuzmin, Artem et al.
 1 
  
Abstract— Different terrestrial terahertz applications would 
benefit from large-format arrays, operating in compact and 
inexpensive cryocoolers at liquid helium temperature with 
sensitivity, limited by the 300-K background radiation only. A 
voltage-biased Transition-Edge Sensor (TES) as a THz detector 
can have sufficient sensitivity and has a number of advantages 
important for real applications as linearity of response, high 
dynamic range and a simple calibration, however it requires a 
low-noise current readout. Usually, a current amplifier based on 
Superconducting Quantum-Interference Device (SQUID) is used 
for readout, but the scalability of this approach is limited due to 
complexity of the operation and fabrication. Recently, it has been 
shown that instead of SQUID it is possible to use a current 
sensor, which is based on the nonlinearity of the kinetic 
inductance of a current-carrying superconducting stripe. 
Embedding the stripe into a microwave high-Q superconducting 
resonator allows for reaching sufficient current sensitivity. More 
important, it is possible with the resonator approach to scale up 
to large arrays using Frequency-Division Multiplexing (FDM) in 
GHz range. Here, we demonstrate the operation of a voltage-
biased TES with a microwave kinetic-inductance current 
amplifier at 4.2 K. We measured the expected intrinsic Noise-
Equivalent Power NEP ~ 5×10-14 W/Hz1/2 and confirmed that a 
sufficient sensitivity of the readout can be reached in conjunction 
with a real TES operation. The construction of an array with the 
improved sensitivity ~ 10-15 W/Hz1/2 at 4.2 K could be realized 
using a combination of the new current amplifier and already 
existing TES detectors with improved thermal isolation. 
 
 
I. INTRODUCTION 
LARGE-format arrays of THz detectors are required today in 
different terrestrial applications. Among them is THz passive 
security scanning for concealed hazardous objects, THz 
imaging for non-destructive testing (NDT) in production lines 
and imaging far-infrared Fourier-Transform Spectroscopy for 
material research and atmospheric studies [1-5].  
Along with the large number of detectors in an array, these 
applications would benefit from the high sensitivity. The 
background-limited Noise-Equivalent Power (NEP) is of high 
importance for passive scanning applications with a stand-off 
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THz camera [8]. High sensitivity allows to reach image 
acquisition speed with 25 frames per second for a required 
Noise Equivalent Temperature Difference (NETD ~ 0.1 K). In 
NDT applications a high sensitivity together with a large 
dynamic range will result in a higher contrast for transmission 
diagnostic of products. The far-infrared Fourier-Transform 
Spectroscopy, which employs a thermal light source, has only 
a limited power in the lower THz range. In this case, the use of 
a background-limited large-format array will allow obtaining 
spectral images of a sample in reasonable time. Estimations 
show that the sensitivity of a diffraction-limited single-pixel 
THz detector with Noise Equivalent Power 
NEP ~ 10-15 W/Hz1/2 would be sufficient for applications with 
a 300-K background [6]. However, uncooled THz detectors, 
despite large demonstrated arrays, show only a relatively high 
NEP ~ 10-12 W/Hz1/2 [7].  
Cryogenic detectors can achieve the required sensitivity, but 
construction of large arrays is challenging. Furthermore, the 
cost of a cryogenic system grows rapidly for lower 
temperatures. A practicable system should operate at 
temperatures not much lower than 4.2 K, which can be 
reached in compact and inexpensive cryocoolers. A 
superconducting Transition-Edge Sensor (TES), operating in 
voltage-bias regime together with a low-noise current 
amplifier can have sufficient sensitivity at moderate 
temperatures [9]. Moreover, a voltage-biased TES has a strong 
negative electro-thermal feedback, which linearizes the 
response of TES and improves its dynamic range.  Previously, 
imaging arrays with about 100 TES-bolometers were 
demonstrated in operation at moderately low temperatures and 
with the required sensitivity [10, 11]. But due to a rather 
complex multiplexing scheme with large number of bias and 
readout lines, such systems will have high costs, limited 
viability, and a further increase of the array size is restricted. 
Usually, a Superconducting Quantum Interference Device 
(SQUID-amplifier) is used for measurements of the current 
response of a TES. However, readout with many SQUID 
amplifiers becomes expensive and difficult in fabrication and 
operation. Therewith, a maximum number of wires, required 
for operation of SQUID-based readout, will be limited by 
cooling power of the cryogenic stage. 
A microwave kinetic-inductance detector (MKID) is an 
example of a scalable detector, which can be operated in the 
THz spectral range. It is based on pair-breaking process in a 
high-Q superconducting resonator. Such approach allows for 
building kilo-pixel arrays with Frequency-Division 
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Multiplexing (FDM) in GHz-range using one broadband low-
noise amplifier and a Software-Defined Radio (SDR) [12]. 
However, for a pair-breaking process to be effective in the 
lower THz range, the superconducting energy gap should be 
small. At 4.2 K this will lead to a low Q factor of the resonator 
and high generation-recombination noise and thus high NEP 
of the whole detector system. A high sensitivity at 
temperatures about 4.2 K was demonstrated [13] for a large 
array of kinetic-inductance bolometers (KIBs) [14, 15]. KIB is 
based on a compact lumped-element resonator, placed on a 
suspended THz-absorptive membrane. Due to relatively high 
microwave losses at these temperatures though, the resonators 
had required Q factor in the 100-MHz-range only. Along with 
relatively complex fabrication of suspended membranes, low-
frequency readout limits the number of detectors per channel. 
Recently, we have demonstrated a THz antenna-coupled 
“noise” bolometer with microwave bias and readout [16]. 
According to experimental and theoretical estimations, it can 
reach the required sensitivity and a number of detectors per 
channel at temperature about 2 K, but it yet to be 
demonstrated. Additionally, it would require faster digital-
signal processing at room temperatures than what was already 
developed for MKIDs.  
In 2005, Irwin et al. proposed a microwave SQUID 
multiplexer as a readout for a voltage-biased TES [17]. It is 
based on a SQUID current-amplifier, embedded in a high-Q 
resonator as a nonlinear inductor. Many resonators with 
SQUIDs are then coupled to a common transmission line, 
which allows for FDM scheme, similar to MKID. The use of 
RF SQUID instead of DC SQUID in this multiplexor reduces 
further the number of required control and bias wires, but still, 
fabrication and operation of large arrays is challenging and 
was shown only at 100-mK temperatures for about 100 TES-
detectors [18].  
In 2014 Luomahaara et al. demonstrated a kinetic-
inductance magnetometer, which utilizes the nonlinearity of 
the kinetic inductance of a small NbN stripe, embedded in a 
high-Q resonator [19]. The resonance circuit was fabricated 
from the same NbN layer which simplifies the fabrication, 
significantly. The kinetic-inductance magnetometer achieved a 
sensitivity comparable to SQUID and had an array scalability 
through FDM. Kher et al. presented a current amplifier based 
on the same principle with sensitivity ~ 5 pA/Hz1/2 [20].  Later, 
it was shown, that this type of amplifier is suitable for TES 
which operated at 100-mK range [21].  
Here, we demonstrate an operation of a voltage-biased THz 
TES detector together with an array-scalable current amplifier 
based on nonlinear-kinetic inductance at 4.2 K. The TES is an 
antenna-coupled superconducting nano-bolometer, and the 
current-sensitive inductor is a superconducting nanowire 
embedded in a high-Q microwave resonant circuit. The 
resonator is inductively coupled to a coplanar-waveguide 
transmission line (CPW). It allows for simultaneous injection 
of the TES current and measurement of the CPW 
transmission. We called this device a Microwave Kinetic-
Inductance Nanowire Galvanometer (MKING). Previously, 
the MKING achieved a current sensitivity of about 
10 pA/Hz1/2 [22], which should be sufficient to reach a 
NEP ~ 10-15 W/Hz1/2 with a well thermally-isolated THz TES 
at 4.2 K. This opens a way for building large and sensitive 
imaging arrays in a compact and inexpensive cryogenic 
system. 
II. DETECTOR SYSTEM AT 4.2 K 
A detector system for demonstration of functionality 
consists of a single TES and a kinetic-inductance current 
amplifier (MKING) in separate housings. We performed 
measurements in a liquid-helium-bath cryostat with a THz-
transparent window. The schematic of the setup is shown in 
Figure 1. The voltage bias of the TES is realized using a 2-Ω 
Manganin shunt resistor Rsh, which is biased with a current 
from a room-temperature source. DC lines between room and 
Helium temperature are filtered using cold RC filters. The 
current inputs of MKING are connected in series with TES. 
This allows ascertaining the absolute value of the current in 
TES. Changes of the microwave transmission of CPW in the 
MKING are measured using a Vector Network Analyzer 
(VNA). The probe signal from VNA is fed through a coaxial 
cable, cold attenuator and a double dc-block to the MKING 
block. On the other side it is connected to a cryogenic 
microwave low-noise high-electron-mobility transistor 
(HEMT) amplifier with a noise temperature Tn1 = 6 K. The 
second-stage amplifier is at room temperature (RT Amp. in 
Fig. 1) and is connected to the input of the VNA. The 
equivalent noise temperature Tn of the complete setup is about 
25 K and is dominated by the VNA, since it has only an 8-bit 
analog-to-digital converter (ADC).  
 
Fig. 1. The schematics of the experimental setup. The gray area is the cold 
stage of the 4.2 K-cryostat with THz-transparent window; the yellow area is 
the detector block with antenna-coupled TES on a lens at 8.5 K. 
 
A. Transition-Edge Sensor 
We have fabricated the THz TES which is an antenna-
coupled superconducting nano-bolometer from 5-nm-thin 
NbN film on a substrate from highly-resistive silicon with an 
AlNx buffer layer (Fig. 2a). The design of the TES was the 
same as for the NbN HEB-mixer with the log-spiral antenna 
for 1 – 6 THz frequency range (Fig. 1 b [23]). The antenna and 
contacts were patterned using electron-beam lithography and 
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lift-off technique. The antenna is a bi-layer structure of in-situ 
magnetron sputtered 20-nm NbN buffer and 200-nm gold 
layers. To ensure good electrical contact between nano-
bolometer and contacts, the developed areas of the resist mask 
were cleaned in-situ, using soft Ar-ion milling prior 
sputtering. The minimum distance of 200 nm between antenna 
terminals (Fig. 2c) defines the length of the nano-bolometer. 
The width of the nano-bolometer is 700 nm and defined using 
negative electron-beam resist with subsequent Ar-ion milling. 
The size of the nano-bolometer is adjusted so, that its normal 
state resistance is close to the 70-Ω impedance of the THz 
antenna. A preliminary characterization of the fabricated TES 
was done using a dc dip-stick in a transport liquid helium 
Dewar. Figure 3a shows the dependence of the resistance of a 
nano-bolometer on temperature (R-T curve). There are three 
superconducting transitions: the first is at c1T  10.5 K, which 
we attribute to the buffer layer of NbN in contacts, the second 
is at c2T  9.4 K, which is associated with the biggest part of 
the nano-bolometer and the third is around c3T = 9 K. The 
transition at c3T  is associated with the slightly degraded NbN 
layer of the nano-bolometer in the vicinity of contacts. For a 
voltage-biased TES the important parameter is 
(log ) / (log )d R d T = which characterizes the steepness of 
the transition [24]. At the point of the highest slope on the R-T 
curve of the TES the parameter is α ≈ 40. At temperature 
4.2 K a measured I-V curve is hysteretic with a critical current 
Ic = 120 µA and with a retrapping current Ir = 45 µA. We also 
measured a non-hysteretic current-voltage characteristic (I-V 
curve) at 8.5 K, where electrical bias can provide a stable and 
uniform Joule heating of the nano-bolometer close to 
c2T (Inset in fig. 3).  
 
Fig. 2. The 3 mm × 3 mm chip of the antenna-coupled NbN TES (a); the log-
spiral planar antenna of the TES for 1-6 THz range (b); the central part of the 
antenna with the NbN nano-bolometer (c); the detector block with a silicon 
lens and a built-in bias-T (d).  
 
 
Fig. 3. The R-T curve of the nano-bolometer. Inset: the I-V curve of the nano-
bolometer measured at T = 8.5 K in a current-bias mode. 
From this I-V curve we estimated a thermal conductance of 
the nano-bolometer thG  25 nW/K and a loop gain for the 
negative electro-thermal feedback b th/L IV G T=  4 for a 
working point Vb = 1 mV and T = 9.4 K. Using these values, 
we calculated the current responsivity 
b( / 1) /I L L V = +   800 A/W, a minimum phonon-
limited 2ph thNEP 4kT G=  10-14 W/Hz1/2, and a minimum 
noise current I  8 pA/Hz1/2 of the nano-bolometer. The 
TES chip with the size of 3 mm × 3 mm was glued in the focus 
of the hyper-hemispherical silicon lens with 12-mm diameter 
and without anti-reflection coating. The lens with the chip 
were mounted in a copper block with an adapter plate 
(Fig. 1d), which has a built-in bias-T and allows for a 
complete galvanic decoupling of the TES from the cryostat. 
The temperature sensor and a heater were integrated into a 
detector block for the control of the TES operation 
temperature T. 
B. Microwave Kinetic-Inductance Nanowire Galvanometer   
To avoid in the future a limited scalability and complexity 
of readout based on SQUID-amplifier, we replaced it with a 
superconducting current amplifier, MKING. The circuit 
design of the MKING is shown in Figure 4 and is based on 
planar lumped-elements. The complete device is fabricated 
from a single 5-nm-thick layer of NbN on a sapphire substrate 
using electron-beam lithography and ion milling. The 
nonlinear inductor Lk is a 100-nm-wide straight nanowire (Fig. 
5, inset). Together with the interdigitated capacitor C, it forms 
a high-Q microwave resonator, which is on one side directly 
connected to a ground plane. On the other side the resonator is 
inductively coupled to the center of the CPW feed line using a 
1-µm-wide inductor Lc. A measured critical current of 
inductor line is Ic = 60 µA at 4.2 K, which is at least a factor 3 
higher than the current of the TES in the working point. The 
resistor Rdiss, in series with Lk, represents microwave 
dissipation at the resonance frequency. It will be shown later, 
that it is the nanowire, which mainly contributes to the 
dissipation. The resonance frequency of the device is about  
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Fig. 4. The circuit design of the single MKING device. A matched microwave 
generator is on port 1 (P1); a matched receiver is on port 2 (P2). The Rdiss 
represents microwave dissipation in the resonator.  
4.7 GHz. The response of the device is the change of the 
complex voltage transmission S21 from port 1 to port 2 of the 
CPW feed line measured with a microwave generator at port 1 
with output impedance Z0 =50 Ω and a receiver with the same 
impedance at port 2 (Figure 4). In our experiment we used 
phase response of the device with a fixed frequency of the 
microwave probe. The single chip of MKING device with a 
size of 3 mm × 3 mm was mounted into a gold-plated brass 
block with an adapter plate, two SMA connectors for CPW 
feed line and a DC input port (Figure 5b). The chip was 
bonded to the adapter plate using aluminum wires. The 
particular MKING device had a noise current of about 
40 pA/Hz1/2 (Figure 6), which is higher than the value that was 
demonstrated with the previous 3.8-GHz device [22]. An 
excess 1/f noise in the spectrum (Figure 5) is due to the lack of 
magnetic shielding and insufficient filtering. 
III. MEASUREMENT OF RESPONSIVITY AND NEP 
The pre-calibrated shift of MKING’s resonance frequency 
can be used to measure IV-curves of the TES in a wide range 
of voltages directly in the setup with the cryostat (Fig. 1). The 
pre-calibration was conducted separately in a DC/RF dip-stick 
and VNA in a frequency-sweep resonance-track mode.  
 
Fig. 5. (a) Optical image of the MKING resonator; inset: the scanning-
electron microscope image of the nonlinear nanowire inductor; (b) the 
microwave block with the single MKING (in the center), SMA connectors and 
a dc input Iin. 
 
Fig. 6. Measured noise spectrum of the MKING device. 
We obtained a set of I-V curves at different operation 
temperatures of the TES (Fig. 7). From these I-V curves we 
verified the electrical responsivity I  700 A/W at 
Vb = 1 mV and T = 8.5 K, and a thermal conductivity which 
are close to the value obtained from the dc current-biased 
measurement. To measure the optical response, to check its 
linearity and define a dynamic range of the TES, we applied a 
THz signal from a calibrated 0.65-THz quasi-optical source 
through the cryostat window. The dependence of the current 
trough TES on applied THz power is shown in Figure 8. The 
measured optical responsivity of 3.3 A/W is much lower than 
the electrical one due to the low coupling efficiency η = 0.5%, 
since we have a not optimized matching of Gaussian beams 
from the THz source and TES antenna. Moreover, antenna 
was not designed for frequencies below 1 THz and its 
performance at 0.65 THz might be low.  
The dynamic range, where the response of the TES is linear, 
reaches >50 dB, if measured using the frequency sweep of 
VNA. For a real application with many detectors a frequency 
sweep is not possible. In case of a fixed-frequency probe, the 
dynamic range is limited by the dynamic range of the 
MKING, which is around 30 dB.  
 
 
Fig. 7. Set of I-V curves of the TES measured with MKING in the cryostat at 
different temperatures of the block indicated in the legend. 
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Fig. 8. Current response of the TES on THz signal. The dashed line is a linear 
fit. The data are obtained using frequency sweep and resonance tracking on 
VNA. 
To measure a small-signal response, we applied a chopped 
THz signal, which corresponds to an absorbed power of 
Pabs = 160 pW. A time trace of the phase response of the 
MKING to a changing current through TES is shown in the 
inset of Figure 9. The intrinsic phase-watt responsivity of 
W −   2 × 1010 deg/W was obtained in this measurement. To 
determine intrinsic NEP, we recorded a time trace of the phase 
without THz signal and plotted spectrum of the phase noise, 
divided by the measured W −  (Fig. 9). 
IV. DISCUSSION 
The measured intrinsic NEP reaches 5×10-14 W/Hz1/2 at 
white noise level, which is a factor 5 higher than the estimated 
value. It is probably due to the prevalence of the noise current 
of the particular MKING over noise of the TES. Indeed, if we 
take the separately measured TES responsivity and the noise 
current of the MKING we end up with the same NEP. A 
reduction of the effective noise temperature of the microwave 
readout could be achieved using back-end electronics with 
ADC of higher resolution. This would result in a factor 2 
lower noise current of the MKING which is limited by the 
phase noise of the HEMT amplifier (phase noise of the 
amplifier is 
amp B n in/ 2k T P = , Pin is a RF power on the 
input). Additionally, using the previous version of MKING 
with lower critical current [22] it would be possible to reach a 
factor 4 lower NEP.  
In order to obtain system NEP ~ 10-15 W/Hz1/2, which is 
required for the 300-K background-limited operation, the 
performance of TES and MKING should be improved. 
A. TES optimization 
A system NEP ~ 10-15 W/Hz1/2 at 4.2 K would require the 
following parameters of the TES: 
a) thermal conductance Gth ~ 1 nW/K at the operation 
temperature bathT T = 4.2 K for sufficiently low phonon 
noise NEPph;  
 
 
Fig. 9. Measured intrinsic NEP of the detector system. The phase response of 
the TES-MKING to 160 pW of absorbed THz power (in the inset). 
b) current responsivity b1/I V   104 A/W is required to 
overcome noise of readout (typically nI  10 pA/Hz1/2). 
If we define a current at working point to be around 
Ib = 15 µA (about 0.5Ic of a typical MKING) and a THz load 
from 300-K background in the range 350±50 GHz to be 
bP  200 pW [25], then:  
c) a critical temperature of a TES 
c b b b th( ) /T T I V P G + +  5.9 K and a dc resistance of the 
TES at working point wp b b/R V I  7 Ω; 
d) for the strong ETF the loop gain L should be 
2
thb /L I dR G dT  10; it requires a derivative 
/dR dT  45 Ω/K at the working point on the 
superconducting transition.  
For bolometers on a SiNx membrane the necessary Gth has 
been already demonstrated [26, 13] at moderately low 
temperatures (1 – 5 K). A TES with suitable Tc and a slope on 
R-T curve could be fabricated, for example, from a 10-nm-thin 
niobium film with reduced critical temperature due to the 
intrinsic proximity effect [27]. 
Alternatively, the required parameters can be achieved for 
antenna-coupled suspended superconducting nano-bolometers 
which already demonstrated sufficient sensitivity [28]. In this 
case, large membranes are not required and fabrication process 
is less complex. Both, quasi-optical-lens and waveguide 
coupling could be used for this type of TES. 
B. MKING optimization 
Beside the necessary noise current, there are following 
prerequisites for MKING: 
a) resonance frequency rf  should be in the range of 4-8 GHz, 
where broadband low-noise HEMT amplifiers are 
available;  
b) bandwidth of a single device detBW /f N   5 MHz, 
where det 100N   is the number of detectors per readout 
line, BW is the available modulation bandwidth for FDM 
(typically 1-2 GHz); 
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Fig. 10. Norton equivalent circuit of the MKING in the form of parallel LCR-
resonator. 
c) loaded Q factor L r / 500Q f f=    follows from a) and b); 
coupling and internal Q factors: 
i,c LQ Q Q , since they are 
connected through the relation 1
L c i(1/ 1/ )Q Q Q
−= + ; 
d) minimum width w and thickness d of inductors are limited 
by the fabrication technology and by values of necessary 
critical current (typically for NbN w = 100 nm, d = 5 nm, 
cI  30 µA); 
e) values of the inductances cL , kL and capacitance C are 
dependent on each other due to required rf ;  
f) maximal values of MKING inductors cL , kL  and C should 
comply with lumped-element requirements to avoid self-
resonance [29].  
g) Additionally, a stability criterion for TES voltage-bias with 
strong ETF requires that electro-thermal time constant 
should be significantly shorter than thermal time constant 
of the TES [30]. The latter limits value of total inductance 
to c k wp th th/ 6L L R C G+  , where thC  is the thermal 
capacitance of a TES. 
To understand how parameters of the MKING influence 
noise, we analyze its small-signal responsivity by considering 
Norton equivalent of the MKING circuit (Fig. 10).  
In this scheme 2g c 0( ) 2( ) /R L Z =  is the generator output 
impedance and 2p k diss( ) ( ) /R L R =  is a parallel equivalent 
resistance. 
The small-signal phase responsivity is the product of three 
derivatives: 
 k
k
dLd d
d dL dI

 

 =     (1) 
Near resonance, the phase angle is 
21 21,mIm( ) /S S  , where 
21,mS is a minimum voltage transmission at resonance. Its 
frequency dependence is given by: 
 L i L21
L
/ 2
( )
1 2
Q Q jQ x
S
jQ x

+
=
+
  (2) 
where i r pQ R C= and L r totQ R C= are intrinsic and loaded 
quality factors respectively, r tot1/ L C = is the resonance 
frequency, r r( ) /x   = − is the fractional frequency shift 
near resonance, tot pgR R R=  and tot c kL L L=  are total 
resistance and inductance of parallel elements respectively. 
The kinetic-inductance nonlinearity can be derived from 
Ginzburg-Landau or Bardeen-Cooper-Schrieffer theories, for 
example like in reference [31]. The nonlinearity can be 
described by the universal normalized derivative 
k c k( ) ( / ) ( / ),i dL dI I L =   where c/i I I= is the relative 
current.  For the range of currents, which corresponds to 
0.2 0.7i =  this derivative could be approximated as 
( ) 0.22i i  . Combining ( )i  with (1) and (2), we derive the 
phase responsivity: 
 
2
c 21,m
( ) 1
(1 )
L
c
i Q
I Q S



 =  
+
 , (3) 
where k c/L L = . The noise current of the MKING device is 
a quadrature sum of the internal noise current and noise from 
LNA. The phase noise of the LNA is 2amp n 21,m/ 2 gkT S P = , 
where Tn is the noise temperature, 
2
0/ 4g gP V Z=  is the 
generator output power. Dividing phase noise by responsivity 
from (3), we obtain an equivalent noise current of the MKING 
due to the LNA: 
 
c c n
amp 2
g
(1 )
( ) 2L
I Q kT
I
i PQ
 

= + . (4) 
From (4) it follows that, an increase of the microwave power 
Pg would result in a lower value of ampI , but there are 
limitations. The relative current i in a nanowire, in this case, is 
the sum of the dc and microwave currents dc RFi i i= + . In 
figure 11 one can see dependences of the loaded Q factor QL 
and Rdiss on current for our particular MKING. The QL 
degrades rapidly due to increasing losses with increasing 
current and thus decreasing internal Q factor Qi. Due to 
constraints set by necessary QL, losses will limit maximum 
relative current i, and thus, a maximum probe power Pg. But 
besides that, there is a resonance bifurcation phenomenon 
[32], which limits generator power to a maximum 
value ( )
2
g,m k c L c L/ ( / )P L I Q Q Q  , or a maximum fraction 
of the RF current to the value RF,m L1/ (1 )i Q  +   5%. If 
we plug g,mP  into (4), then noise current is: 
 
3/2
c n
amp
in L 0
1 (1 )
4.5
I kT
I
I Q Z



+ 
  
 
  (5) 
Here, the relative current in c/i I I=  should be matched to TES 
bias and maximized until Qi(i) drops to a value, which 
corresponds to QL = 500. 
From (5) it is seen, that k c/L L = should be as high as 
possible to get low ampI . The only free parameter, which is 
left to define parameter  , is the value of the coupling 
inductor Lc. The increase of Lc allows larger   and lead to 
improvement of the noise current, but only to a certain extent. 
Larger values of inductances, in this case, could only be 
achieved by the increase of inductor length (nanowire cross 
section is fixed by the necessary Iin). The latter will lead to a 
bigger inductor volume and thus, higher generation-
recombination noise of the MKING which will dominate over 
noise of the amplifier. The estimation with realistic parameters 
for our NbN nanowires shows that, the noise current of 
MKING could be improved to values of minI  2-3 pA/Hz1/2, 
which should be sufficient for TES readout.  
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Fig. 11. Dependences of loaded Q-factor QL and the equivalent resistance Rdiss 
in the MKING on the input current. Inset: raw data - set of resonance curves at 
different input currents indicated in the graph.  
The reduction of the 1/f noise of the MKING could be done 
using additional magnetic shielding of the detector block with 
mu-metal along with a differential or “gradiometric” design of 
the single current amplifier (Fig. 12). In this case two 
MKINGs are used for measuring current in TES. If the 
responsivities of both galvanometers are nearly equal, then by 
measuring a sum of phase shifts one can effectively reject 
common mode interference 
C. Multiplexing scheme 
A suggested multiplexing scheme for an array of voltage-
biased TES detectors is shown in figure 12. All TES detectors 
are biased in parallel using one current source and individual 
shunt resistors Rsh. MKING devices are separated by the small 
inline resistors Rser, which prevents leakage of the TES current 
into neighbor current amplifier. In total, the array requires one 
dc line, one microwave line and one broadband HEMT LNA 
for operation. Frequency-division multiplexing of the array 
can be realized in the same way as for KIDs with existing RF 
boards and digital signal processing [33]. The achieved loaded 
Q factor of the MKING QL ~ 500 allows placing ~100 
detectors in the 1-GHz modulation bandwidth.  
V. CONCLUSION 
The detector system for demonstration of functionality with 
voltage-biased antenna-coupled TES and kinetic-inductance 
current amplifier at temperature 4.2 K reached internal 
NEP ~ 5 × 10-14 W/Hz1/2, which is close to the estimated 
phonon-limited NEP of the particular TES. The sensitivity of 
the system is limited by the particular current amplifier and 
the microwave setup. It could be further improved by a factor 
2 using baseband ADC with higher resolution. Our analysis 
shows that NEP ~ 10-15 W/Hz1/2 is feasible with already 
existing well-isolated THz TES and MKING with improved 
design and back-end electronics. The obtained values of Q 
factor of resonator in current amplifier allow to scale up 
detector system to >100 pixel per readout channel at 4.2 K. 
 
Fig. 12. Schematics of an array of voltage-biased TESs with a differential 
MKINGs; the dark area is a cryogenic stage at T = 4.2 K. 
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